Absorption spectra of a series of cyclic conjugated ketones and thioketones have been computed at the multiconfigurational second-order multistate perturbation level of theory, the CASSCF/ MS-CASPT2 method. Excitation energies, transition dipole moments, oscillator strengths, and static dipole moments are reported and discussed for excited states with energies lower than Ϸ7 -8 eV.
I. INTRODUCTION
Cyclopropenes, fulvenes, and heptafulvenes are nonalternant, cross-conjugated cyclic hydrocarbons with a strong double bond fixation. 1 The nonbezenoid aromatic character of the three-and seven-membered ring systems and the antiaromatic character of the five-membered ring systems, as well as their high reactivity, have attracted a great deal of attention. 2 The specific conjugation structure in these molecules results also in unusual and interesting excited states structures. For instance, unlike other systems of similar size and nature, they are colored compounds. The absorption bands are the result of low lying →* excitations. 3 The low-energy electronic transitions and the large changes of the dipolar moment upon excitation are responsible for the enhancement of the electric properties of these compounds as compared to analogous systems. Such changes as the extension of the -electron conjugation or the substitution of the exocyclic atom from oxygen to sulfur may dramatically decrease the gap between the excited and the ground state while do not increase significantly the overall molecular size. 4, 5 All these facts are important in the context of nonlinear optical ͑NLO͒ materials. 5, 6 Once an accurate and comprehensive study of the excited states structure of such systems is available by means of the CASSCF/MS-CASPT2 methodology, we will additionally complement the study with an analysis of the relation of the NLO properties to the electronic excited states.
The present paper reports calculations on the electronic spectra of a series of cyclic unsaturated ketones and thioketones: cyclopropenone (C 3 H 2 O), cyclopentadienone (C 5 H 4 O), and cycloheptatrienone ͑known as tropone, C 7 H 6 O͒ and the corresponding thioketones: cyclopropenethione (C 3 H 2 S), cyclopentadienethione (C 5 H 4 S), and cycloheptatrienethione ͑thiotropone, C 7 H 6 S͒. A detailed analysis will be performed for the excited states of the threemembered rings, where the basic nature of the low-lying states can be understood. The modest size of all these molecules allows us to use a high-level-correlated method, the CASSCF/MS-CASPT2 approach, 7, 8 to study the structure of their electronic states. Singlet and triplet excited states of both valence and Rydberg nature are included in the calculations together with several transition properties. The results will be discussed and compared with the spectra of the parent hydrocarbons. As a final step, the contribution of the excited states to the NLO properties of the compounds will be analyzed by using the sum-over-states ͑SOS͒ method, able to estimate qualitatively nonlinear optical properties from spectroscopic data ͑Fig. 1͒.
II. METHODS AND COMPUTATIONAL DETAILS
The ground state geometry of cyclopropenone, cyclopentadienone, cycloheptatrienone, cyclopropenethione, cyclopentadienethione, and cycloheptatrienethione were taken from a previous work. 5 The molecules are placed on the yz plane with the z axis as the C 2 symmetry axis ͑standard Mulliken orientation͒. At these geometries, the vertical excitation energies for all the systems were obtained with the CASSCF/multistate ͑MS͒ CASPT2 method, [9] [10] [11] using atomic natural ͑ANO͒ type basis sets 12, 13 contracted to 5s4 p2d functions for sulfur, 4s3 p1d functions for carbon and oxygen, and 2s1p functions for hydrogen. A simultaneous description of both valence and Rydberg states is required for an accurate description of the spectra. Therefore an optimized set of 1s1p1d Rydberg-type functions, centered at the charge centroid of the molecule's cations was added to the atomic basis sets. The procedure employed to generate the Rydberg-type functions is described elsewhere. 14 A level shift of 0.30 hartree was used in the level-shift ͑LS͒ CASPT2 ͑Ref. 7͒ procedure after careful testing. While state energy differences were computed at the CASSCF, CASPT2, and MS-CASPT2 levels, transition dipole moments were obtained using the CAS state interaction ͑CASSI͒ method. 15 The state properties were computed using two different wave functions, CASSCF, and perturbatively-modified CAS-CI ͑PMCAS-CI͒. 10 The PMCAS-CI wave functions are built as linear combinations of the CASSCF wave functions with coefficients obtained from the quasidegenerated multistate perturbative treatment. These new wave functions have advantages in comparison with the CASSCF functions such as the diminished valence-Rydberg mixing. The basic characteristics of the PMCAS-CI functions have been described elsewhere. 10 For the sake of brevity just the PMCAS-CI properties and MS-CASPT2 ͑also CASSCF͒ excitation energies will be included into the tables. They are considered anyway the most accurate results.
To compute all excited states of interest, the active space should, in general, include valence * orbitals, high-lying lone pair orbitals, Rydberg orbitals of the first series ͑nine spd orbitals͒, and, eventually, valence * orbitals to check for the presence of states involving these orbitals, although they give rise usually to weak transitions. However, in order to avoid excessively large active spaces or to deal with intruder state problems, different active spaces were employed for states of different character and different molecules, always testing for the stability of the wave function. Within the C 2v symmetry, the notation (a 1 b 1 b 2 a 2 ) will be used for the description of the number of active orbitals used in the studied compounds. To compute the vertically excited states of cyclopropenone of A 1 and A 2 symmetry we used a ͑0641͒ active space, while for states of the B 1 and B 2 symmetries a space ͑6312͒ was employed. In C 3 H 2 S we used a ͑4531͒ active space in all the cases. Those active spaces included six electrons and at least nine Rydberg orbitals. Pilot calculations with extended active spaces designed to enable the description of * excitations were also performed. However, no such states were found at energies below 7.5 eV. The active spaces used to compute excited states of the five-ring systems included 12 electrons and 13 orbitals ͑3532͒. The latter included the valence space, the lone pair of the heteroatom, two additional orbitals, and the four sp Rydberg orbitals. The equivalent active space, excluding the two additional orbitals, was used for the seven ring molecules, which consists of ten electrons and ͑2623͒ orbitals. All the energy differences were computed with respect to the ground state obtained with the same active space. The core orbitals ͑1s for oxygen and carbon, 1s2s2p for sulfur͒ and electrons were frozen at the HF-SCF level of calculation and were not included at the correlated level. The calculations were performed with the MOLCAS-4.1 ͑Ref. 16͒ programs package.
III. RESULTS AND DISCUSSION

A. The spectra of cyclopropenone and cyclopropenethione
Tables I and II compile the computed excitation energies, oscillator strengths, orbital extensions, and dipole moment values for the states and transitions in the absorption spectra of C 3 H 2 O and C 3 H 2 S at different levels of approximation with respect to the treatment of the electronic correlation. The PMCAS-CI/MS-CASPT2 values will be consid- ered as the final results to discuss the absorption spectra of the computed systems. Other values at the CASSCF/ CASPT2 level can be found elsewhere. 17 If we focus on PMCAS-CI/MS-CASPT2 values, the spectra of C 3 H 2 O and C 3 H 2 S both start with two low-lying and weak n→* transitions. In C 3 H 2 O the lowest excitation corresponds to the 1 1 B 1 state and can be interpreted as resulting from a one-electron promotion from the oxygen lone pair orbital of b 2 symmetry into the antibonding a 2 * orbital perpendicular to the C-O bond. There is therefore an important transfer of charge from the exocyclic heteroatom to the ring. This leads to a reduction of the polarity as reflected in the drastic decrease of the dipole moment from the ground state (Ϫ4.863 D) to the 1 1 B 1 state (Ϫ0.522 D). The second transition (1 1 A 2 ) is also of n→* character, placed at 5.59 eV, and one-photon symmetry forbidden. It corresponds to the promotion of one electron from the oxygen lone pair to an orbital characterized as an antibonding * CvO orbital of b 1 symmetry. We find a concomitant decrease in the dipole moment of the 1 1 A 2 state as compared to the ground state value. However, the transfer of charge to the system is in this case rather small. The reported electron impact spectrum of cyclopropenone 18 has two weak and structureless features with maxima at 4.13 and 5.5 eV, respectively. If we normalize the most intense peak of the spectrum at 7.8 -8.1 eV to a relative intensity of 0.65, the corresponding values for the 4.13 and 5.5 eV bands would be 0.005 and 0.03, respectively. The band at 4.13 eV has been assigned to an n→* transition. In contrast, the 5.5 eV band was assumed to involve excitations from the bonds. This assignment seems unlikely because of the, in general, very small oscillator strength of →* transitions. On the basis of the present results we assign both bands to n→* transitions. The observed intensity for the 5.5 eV band is probably originated by borrowing intensity from higher bands. The described situation is similar in the C 3 H 2 S molecule although it has important differences: The first two transitions are of n→* type, but they are found at much lower energies than in C 3 H 2 O. In addition, the order of the states is reversed. The 1 1 A 2 state is computed to lie at 3.23 eV while the 1 1 B 1 state is located at 3.47 eV. The magnitude of the changes in the dipole moments upon excitation is similar to that observed in C 3 H 2 O, although in C 3 H 2 S the dipole moment of the 1 1 B 1 state changes the sign. The fact that the 1 1 A 2 state becomes lower in energy in C 3 H 2 S is clearly related to the nature of the C-S bond as compared with the C-O bond. The lengths of the C-S and C-O bonds are 1.617 Å and 1.214 Å, respectively, and, therefore, the excitation to the antibonding orbital localized at the C-S bond is lower in energy as compared to the situation in C 3 H 2 O.
Two →* transitions correspond to the most intense bands in the computed absorption spectrum of C 3 H 2 O. The 1 1 B 2 state gives rise to a band at 5.96 eV with an oscillator strength of 0.116. At the PMCAS-CI level the wave function is clearly composed of a single configuration which represents an excitation from the 3b 1 orbital ͑delocalized over the CvC bond and the oxygen atom͒ towards the 1a 2 orbital ͑antibonding CvC orbital͒. The dipole moment of the 1 1 B 2 state is drastically reduced as compared to the ground state. The second →* excitation, related to the 4 1 A 1 state, is computed to lie 7.80 eV above the ground state. It has an oscillator strength of 0.653 and the corresponding state dipole moment (Ϫ4.032 D) is close to the ground state value (Ϫ4.863 D). The state CASSCF wave function has a large multiconfigurational character. The main contribution can be mainly attributed to an excitation from the same 3b 1 orbital to the 4b 1 orbital. The latter is a * orbital delocalized over the entire molecule ͑carbons and oxygen͒ and explains the small change in dipole moments as compared to the ground state. The computed results correlate quite well with the electron impact spectrum of cyclopropenone. 18 A valence →* transition of medium intensity was reported at 6.1 eV ͑relative intensity 0.20͒, corresponding to the transition towards the 1 1 B 2 state. A second band was found in the range from 7.9 to 8.2 eV with a sharp maximum at 8.1 eV. 18 In addition, there is a rich structure of Rydberg transitions which makes it difficult to accurately place the valence band. It is clear from the reported spectrum that the broad and intense band beneath the highest peaks must correspond to a valence excitation, which we assign to the 4 1 A 1 band. In C 3 H 2 S the two equivalent →* transitions have lower energies in agreement with the larger size of the sulfur atom and longer CvS bond as compared to C 3 H 2 O. Here too, the 1 1 B 2 state remains the lowest of the two →* excited states and the corresponding band is predicted to have a 
Ϫ2.770 a PMCAS-CI wave functions. See Methods. maximum at 4.34 eV and an oscillator strength of 0.028. Thus, the 1 1 B 2 band is redshifted by 1.57 eV in comparison to C 3 H 2 O. The redshift for the second →* excited transition (2 1 A 1 ) is found to be even larger, 2.28 eV, placing the absorption maximum at 5.52 eV, with an oscillator strength of 0.533. The changes in the dipole moments are similar to those calculated for C 3 H 2 O. Apart from the valence spectrum, a number of Rydberg transitions have been also computed. In C 3 H 2 O the first Rydberg series originates from excitations from the oxygen lone pair orbital. The lowest Rydberg excited state, the 2 1 B 2 n→3s state, is predicted at 6.90 eV. The distinct diffuse character of the Rydberg states can be observed in the values of ͗r 2 ͘, which are much larger than for the valence states.
Table I also includes one member of the second Rydberg series. This state originates from a one-electron promotion from the the highest b 1 orbital and is placed at 8.30 eV. In C 3 H 2 S, the first Rydberg series starts with the 2 1 B 2 n →3s transition at 4.98 eV and ends at 6.79 eV for C 3 H 2 O. Members of the second Rydberg series are found in the energy range from 6.34 eV ͑the 2 1 B 1 →3s state͒ to 7.92 eV. For both series the excitation energies decrease about 2 eV with respect to the corresponding states in C 3 H 2 O. With the exception of 3 1 A 1 n→3p y state, the computed oscillator strengths for the Rydberg transitions are very small. Unfortunately, comparison to experiment is almost impossible because, to the best of our knowledge, there is not enough information available. Comparing the spectroscopic properties of similar compounds, Harshbarger and co-workers 18 estimated the position of some Rydberg excited states: n→3s at 6.22 eV, n→3 p at 6.88 eV, and →3s at 7.73 eV. On the basis of our results it seems that they systematically underestimated the position of the states by 0.6 eV. In addition, the observed spectrum displays the sharpest and most distinct Rydberg peaks between 6.9-7.2 eV and 7.9-8.3 eV, which are the regions where the calculations place the most intense of the Rydberg excitations.
A number of triplet states have been also computed. In C 3 H 2 O, the low-lying triplet excited valence state, the 1 3 B 1 (n→*) state, is found to be located at 4.05 eV. Unlike for the singlet-singlet transitions, the second lowest excited state is not of the n→* nature. It originates in a →* transition to the 1 3 B 2 state at 4.81 eV. In C 3 H 2 S the order in the triplet-triplet transitions remains the same as for their equivalent singlet-triplet states in C 3 H 2 O.
B. Comparison between CASSCFÕCASPT2 and PMCAS-CIÕMS-CASPT2 results
Because of significant state interaction matrix elements, the results obtained at the CASSCF/CASPT2 and the PMCAS-CI/MS-CASPT2 levels of approximation differ with respect to the properties of the individual states and transitions properties. 17 This is particularly true for the excitation energies to the →* states, undergoing decreases of about 0.4 -0.6 eV when changing from one to the other approach. Oscillator strengths and dipole moment values undergo somewhat smaller changes. The large and, in principle, unexpected differences, are mainly related to the extent of the valence-Rydberg mixing of the different states. The n→* states, for instance, are compact already at the CASSCF level, and have orbital extensions, ͗r 2 ͘, similar to those of the ground state. Therefore the difference in the transition energies calculated at the CASPT2 and the MS-CASPT2 level of approximation are always very small ͑only for the 1 1 A 2 n→* in C 3 H 2 O increases to 0.15 eV͒. Likewise the properties computed on the basis of the CASSCF wave functions are very similar to those derived from the PMCAS-CI wave functions. The latter are linear combination of the CASSCF wave functions of the states of the same symmetry which are included in the multistate treatment. The →* states exhibit, however, a different behavior. For instance, the 2 1 A 1 state of C 3 H 2 S has a ͗r 2 ͘ of 132 a.u. at the CASSCF level, which closely resembles, and even exceeds, the extensions of some of the Rydberg states. The interaction of the 2 1 A 1 state with the other state of 1 A 1 symmetry, especially with the →pd Rydberg states, causes a drastic change in the character of the wave function, as well as a change in the excitation energies. The 2 1 A 1 state becomes much more compact at the PMCAS-CI level ͑͗r 2 ͘ of 82 a.u.͒; the oscillator strength of the corresponding transition increases from 0.256 ͑CASSCF͒ to 0.533 ͑PMCAS-CI͒, and the dipole moment of the state slightly increases. It is clear that the 2 1 A 1 state has acquired much more valence character. On the other hand, the changes in the Rydberg states of 1 A 1 symmetry are also noticeable: For almost all states the excitation energy remains almost unchanged as compared to the CASPT2 value except for the 6 1 A 1 ( →3d xz ) state which increases by 0.54 eV owing to the interaction with the valence state. The oscillator strength of the transitions decreases strongly for both the 5 1 A 1 (→3p x ) and 6 1 A 1 (→3d xz ) states, and the changes in the dipole moment values are also of significance. A similar situation is also observed for the other →* states in C 3 H 2 O and C 3 H 2 S. The strength of the state interactions depends on many factors such as the degree of the near-degeneration and the basis sets used. Especially, the basis set dependency has been discussed earlier at several occasions. 10, 19 It is therefore not surprising to find that calculations using different, in particular much smaller, basis sets may provide results computed at the CASPT2 level of theory which are in good agreement with results obtained using MS-CASPT2/ PMCAS-CI approach in combination with large, flexible basis sets. The relevant values for the previous discussion can be found elsewhere. 17
C. The spectra of cyclopentadienone and cyclopentadienethione
The spectra of the fulvene-type molecules have a number of important differences as compared to the three-ring systems which can be rationalized on the basis of their orbital structure. Unlike C 3 H 2 O and C 3 H 2 S, the HOMO orbital of the five-membered ring systems is a orbital of a 2 symmetry, localized at the ring, and corresponds to the antisymmetric combination of ethene alike orbitals. The LUMO is a * orbital of b 1 symmetry, very low in energy, and delocalized over the whole system. Therefore, →* excitations of B 2 symmetry can be expected at low energies. In spite of that, the n→* 1 1 A 2 state is still found to be the lowest singlet-singlet excited valence state in the spectra of both C 5 H 4 O ͑2.48 eV͒ and C 5 H 4 S ͑1.43 eV͒. Here too, the decrease in the excitation energy upon replacement of the oxygen atom by sulfur is large and can be related to the length of the exocyclic heteroatomic bond ͑CvO 1.227 Å, CvS 1.633 Å͒. The second transition is, however, of →* in origin. The corresponding 1 1 B 2 states are found at 3.00 and 1.99 eV, respectively. The intensity of these →* transitions is not particularly high.
Another consequence of the small →* orbital energy gap is to favor low-energy electronic states with strong multiconfigurational character and significant contributions from doubly or higher excited configurations. The analysis of the CASSCF wave functions for the 1 1 B 1 states of C 5 H 4 O and C 5 H 4 S reveals that these states have large contributions from double excitations. They are found at 4.49 and 2.89 eV, respectively. For this reason the character of these and similar states are labeled (n→**) or (→**) in Tables  III and IV. Experimental spectroscopic information is sparse. The UV spectra reported by Garbisch et al. 20 display two bands at 3.27 and 6.21 eV for C 5 H 4 O with extinction coefficients 79 and 55 000 l mol Ϫ1 cm Ϫ1 , respectively. In view of our calculations the assignment is straightforward although there are certain deviations. Assuming that the experimentally observed transitions are of →* character the bands should be assigned to the 1 1 B 2 and 3 1 A 1 states at 3.00 eV and 5.98, respectively. The deviation of calculated and experimental excitations energies is near 0.3 eV and larger than observed previously for many different systems. However, a comparison of the results obtained with the CASSCF/ CASPT2 and the PMCAS-CI/MS-CASPT2 approaches shows that the CASPT2 wave function for the →* excited states strongly interact with near degenerate states, leading possibly to less accurate results. We have not found any more recent and detailed experimental data concerning the spectrum of this molecule. The most intense bands of our theoretical spectrum correspond to transitions to the 3 1 A 1 state at 5.98 eV ͑oscillator strength 0.259͒ and 5 1 A 1 at 7.10 eV ͑0.384͒. The absence of the transition at 5.42 eV is somewhat surprising.
Comparing the Rydberg excited states in C 5 H 4 O with those of C 5 H 4 S ͑only the 3s and 3p components have been computed͒ we observe significant differences. In C 5 H 4 O the two lowest Rydberg series start at 6.50 and 6.87 eV, corresponding to the →3s ͑2 1 A 2 state͒ and n→3s (3 1 B 2 ) transitions, respectively. In C 5 H 4 S, the equivalent transitions and state change order and decrease their energies in a very different way. Therefore, the n→3s (3 1 B 2 ) transition becomes the lowest Rydberg excitation at 5.84 eV while the →3s (4 1 A 2 ) transition is located at 6.57 eV. The energy decrease with respect to C 5 H 4 O is 1.03 eV (n→3s) and 0.43 eV (→3s), respectively. These trends, which can be re- lated with the character of the carbon-sulfur bond, are a common characteristic of all the systems studied here once sulfur replaces oxygen. Pilot calculations on C 5 H 4 O and C 5 H 4 S showed that, unlike the three-membered ring systems, the electronic spectra of the pentadieneketones have also →* transitions at very low energy. Therefore, we used an extended active space for the five-membered ring systems. The final results include for C 5 H 4 O one →* 4 1 A 2 excited state located at 6.81 eV and for C 5 H 4 S two →* excited states, 3 1 A 2 and 2 1 B 1 , located at 5.73 and 5.96 eV, respectively. All these transitions are one-photon forbidden or, at least, have low intensity.
As regarding the triplet states, the effect of the low-lying →* excitations can be also observed in their relative position. In C 5 H 4 O the →* 1 3 B 2 state is the lowest one in the spectrum at 1.97 eV, followed by the n→* 1 3 A 2 state at 2.51 eV. In the sulfur compound their order is reversed: 1 3 A 2 at 1.26 eV and 1 3 B 2 at 1.61 eV.
D. The spectra of tropone and thiotropone
The orbital structure of the seven-ring compounds tropone (C 7 H 6 O) and thiotropone (C 7 H 6 S) changes from that of the five-ring fulvene-type systems. A b 1 orbital becomes the HOMO orbital, while a pair of near-degenerate a 2 and b 1 * orbitals are the lowest-lying virtual valence orbitals. The orbitals of b 1 symmetry are typically delocalized in both the ring and the CvO or CvS moieties. In contrast, orbitals of a 2 symmetry are limited to the ring system. Both C 7 H 6 O and C 7 H 6 S molecules have two low-lying n→* states which are very close in energy ͑because of the closeness of the low-lying virtual a 2 and b 1 orbitals͒. The decrease in energies between the n→* states of tropone ͑3.86 and 3.94 eV͒ and thiotropone ͑2.05 and 2.10 eV͒ is much larger than in the other compounds. In order of ascending state energies next follow a pair of →* excited valence states. They can be characterized to arise from excitations from the HOMO b 1 orbital to the low-lying virtual a 2 and b 1 orbitals. The electronic singlet states with energies higher than the two lowest →* excited valence states are typically composed of contributions of several configurations, that is, they have a clear multiconfigurational character. The labels used to characterize the states in Tables V and VI have been chosen such as to describe the largest contribution. Unlike the fulvene-type molecules, more detailed experimental information is available for the heptafulvene-type systems. Evidence for the presence of n→* transitions at low energies have been reported for several tropones. The most intense bands observed in the spectrum of tropone (C 7 H 6 O) in the vapor are: a medium intense transition at 4.13 eV, an intense peak at 5.56 eV ͑both having in-plane polarization͒, a broad shoulder at 6.9 eV, and an intense group of transitions above 7.2 eV. The latter have not been studied in detail. 21 The estimated oscillator strengths of the three low-energy features are 0.13, 0.37, and 0.1, respectively. 21 Studies on the polarization of the low-lying band in the vapor spectrum of C 7 H 6 O, 21,22 at 4.13 eV showed that it is composed of overlapping transitions of different polarization, perpendicular to the molecular plane ͑n →* type͒ and parallel to it (→*). The estimated oscillator strengths ͑if two bands were considered to form the 4.13 eV transition͒ are 0.01 and 0.12, 21 respectively. The calculated n→* transitions in tropone lie at 3.86 and 3.94 eV and can be clearly related to the observed out-of-plane transition, while the →* transitions computed to the 2 1 A 1 and 1 1 B 2 states are obtained at 4.22 and 4.26 eV, with oscillator strengths 0.064 and 0.042, respectively. These four excitations originate the band observed at 4.13 eV with a small intensity. The band undergoes a slight redshift in polar solvents, 21 which can be related to the stabilization of the 2 1 A 1 state which has a large dipole moment. As regards the spectrum of C 7 H 6 S in hexane solution, a very weak band has been identified at 1.82 eV followed by another weak feature at 2.03 eV. Both were reported to have low extinction coefficients, 9 and 47 l mol Ϫ1 cm Ϫ1 , respectively. 23 In the energy range close to 2 eV we have computed two states, 1 1 A 2 and 1 1 B 1 . The 1 1 A 2 state may be related to the band at 1.82 eV, although the presence of a nearby excitation to a triplet state has to be noticed. It is, however, most likely that the 2.03 eV band arises from a mixture of an n→* excitation and the more intense →* transition to the 1 1 B 2 state.
The computed data lead to a clear interpretation of the experimental observations also for the remaining data in both compounds. A →* transition has been computed for C 5 H 4 O to have a maximum at 5.67 eV with an oscillator strength of 0.280. This transition is responsible for the medium intensity peak observed at 5.56 eV with an oscillator strength 0.37. More questionable is the assignment of the broadband located at 6.9 eV. It most likely can be assigned to the →* transition to the 5 1 B 2 state at 7.16 eV. The latter is the most intense transition computed for that range of energies, having an oscillator strength of 0.086. However, contributions from the →3p Rydberg transitions and some other weak →* band cannot be ruled out. Finally, the region of the spectrum above 7.2 eV is clearly dominated by the transition to the 7 1 A 1 state, computed at 7.36 eV with an oscillator strength of 0.340. The presence of this transition explains the intense band observed in the experimental vapor spectrum. 21 The computed spectrum of cycloheptatrienethione (C 7 H 6 S) has a structure similar to that of tropone. Apart from the already mentioned n→* excitations, the lowest →* transition computed at 2.31 eV with an oscillator strength of 0.027 can possibly be related to the weak peak observed at 2.03 eV in the hexane spectrum. 23 The most intense band which has been recorded experimentally is located at 3.34 eV in hexane with an extinction coefficient of 15 135 l mol Ϫ1 cm Ϫ1 and at 3.25 eV in methanol. 23 The assignment to the 2 1 A 1 state computed at 3.21 eV with an oscillator strength of 0.598 is straightforward. The batochromic shift of about 0.1 eV in polar solvents is consistent with the large dipole moment of the 2 1 A 1 state. Two less intense bands are reported at 4.90 and 5.53 eV with extinction coefficients 9338 and 7762 l mol Ϫ1 cm Ϫ1 , respectively, in both hexane and methanol. 23 Their assignment is less clear. A number of →* transitions in that region may contribute to the intensity of the 4.90 eV band. The most likely candidates are 3 1 A 1 at 4.74 eV ( f ϭ0.037), 2 1 B 2 at 4.80 eV ( f ϭ0.073), 2 1 B 2 at 5.19 eV ( f ϭ0.092), and, particularly 4 1 A 1 at 5.22 eV ( f ϭ0.147). The analysis of the CASSCF wave function of the 4 1 A 1 state indicates that this state also contains a large contribution from doubly excited configurations. In view of the structure of the wave function the large oscillator strength is somewhat surprising. Another weak band has been observed at 5.53 eV in the spectrum of C 7 H 6 S in both hexane and methanol. Assuming that no Rydberg transition contributes to the intensity in condensed media, the shoulder can be most probably attributed to the transition to the 5 1 B 2 state, computed at 5.87 eV with an oscillator strength of 0.025. However, a contribution of the lower energy 4 1 A 1 band cannot be discarded. To our knowledge, there is no experimental study of the electronic spectrum of C 7 H 6 S investigating the energy region beyond 6.0 eV. The most prominent transition in this energy range is the excitation to the 7 1 B 2 state, computed at 7.33 eV, with an oscillator strength of 0.169.
E. The spectra of the cross-conjugated cyclic hydrocarbons
Before confronting the spectroscopic properties of the cyclic ketones and thioketones with those of the crossconjugated cyclic hydrocarbons, it is useful to recall the standard model of the electronic structure of such molecules. 1, 2 The three and seven-carbon ring systems are known to have a strong charge donor character. In contrast, the fivemembered ring is largely an electron attractor. This is clearly seen from the stability of their radicals cations and anions, respectively. 24 The basic trends observed in the excitation energies on passing from the small to the large rings are therefore well explained: In general, a decrease of the transition energies is observed, for the lowest n→* and →* excitations when passing from the three-to fivemembered ring compounds. This trend can undoubtedly be related to the electron attractor character of the five-carbon cycle. In contrast, and in accordance with the electron donor nature of the seven-membered ring system, an increase of the excitation energies is observed for these systems as compared to the five-membered ring compounds. Table VII compiles the computed and experimental data for the spectrum of the discussed compounds. Two factors determine the excited states properties of the heterosubstituted compounds with identical rings: The electron affinity of the heteroatom ͑higher for the oxygen͒ and the length of the exocyclic double bond ͑larger in the sulfur compounds͒. Within the family of systems with a cyclopropene ring, it is more favorable to transfer charge from the lone pair to the ring in C 3 H 2 S than in C 3 H 2 O. The excitation towards the CvS antibonding orbital is more favorable due to the relaxation of the CvS bond, as it is reflected by the decrease in the excitation energy for the 1 1 B 1 n→* transition in C 3 H 2 S with respect to C 3 H 2 O. The electron affinity of the exocyclic heteroatom works in the opposite direction. The two lowest → excited valence states of methylenecyclopropene (C 4 H 4 ) are placed at lower energies than the corresponding states of cyclopropenone. The blue shift amounts to about 1.8 and 1.0 eV for the first and second lowest → excited valence state, respectively. Changing the oxygen atom by a sulfur atom leads again to a redshift. It is interesting to note that it is larger for the second lowest → excited valence state ͑1.6 vs 2.3 eV͒. The strong electron attractor character of oxygen is responsible for such behavior.
A completely different trend is observed for the substi-tuted cyclopentadiene systems. In these systems the fivemembered ring is strongly competing with the electron affinity of the exocyclic heteroatom. This leads, in general, to a drop of the transition energies. As can be expected this effect is smallest for fulvene and largest for C 5 H 4 O ͑a decrease of 2.96 eV for the first →* excited valence state͒. Finally, for the seven-membered ring compounds the trend is reverted due to the electron donor character of the ring. Despite the changes in the position of the low-lying states, it can be observed that, in general, the bulk of the intensity goes in all cases into a transition to a 1 A 1 excited state, whose excitation energy drops by around 1 eV with each step the size of the ring is increased.
F. The NLO properties of the cyclic ketones and thioketones
The specific excited state structure of ketones and thioketones, in particular their low excitation energies and large intensities, makes them special subjects of interest from the point of view of materials with nonlinear optical ͑NLO͒ properties. 5, 6 Recently we presented a study 5 of the NLO properties of cyclic ketones and thioketones. We focused on the static electric properties ranging from dipole moments to third order polarizabilities. From the knowledge of the excited state properties such as excitation energies and transition dipole moments a number of NLO properties can be obtained by means of perturbative techniques known as the sum-over-states ͑SOS͒ method. 25, 26 We think that this give us the opportunity to complement the previous study on excited states of ketones and thioketones with an analysis of the main contributions to the NLO properties. Here we shall compare some of the molecular properties obtained by applying SOS methods with the results obtained earlier using finite-field ab initio calculations. 5 In particular, we shall analyze the zz-and zzz-components of the polarizability (␣ zz ) and first hyperpolarizability (␤ zzz ) using a two-͑SOS2͒ and three-level ͑SOS3͒ sum-over-states procedure. 27 We will restrict the analysis to the contributions of the valence →* transitions. This study should not be considered a test of the SOS possibilities. Our main goal is to use accurate spectroscopical data to analyze the contributions to the NLO properties by using the SOS method.
To compute the components of the polarizability tensors we applied following formulas which were obtained from perturbation theory: 28
where M gI is the transition dipole moment between the ground state g and the excited state I and ⌬E gI is the corresponding excitation energy. Two different models have been considered to compute the first hyperpolarizability, ␤. The expression of the two-state sum-of-states model ͑SOS2͒ can be written as 27
͑2͒
It includes the transition dipole moments M gI , the energy differences ⌬E gI , and the elements ⌬ gI . The latter correspond to the difference between the ground and excited state dipole moments. The summation can be reduced to one single term when the system has a clear dominant transition and charge transfer is unidirectional, as it is in the case of typical organic chromophores. The two-state model is then reduced to the classical Oudar expression. 29 The three-level SOS model involves the ground and two excited states, I and J,
In the following discussion we shall focus only on the ␣ zz and ␤ zzz components of the polarizability tensors. For symmetry reasons only states of 1 A 1 symmetry contribute to these elements. Table VIII compiles the electronic properties of the most important states for the different systems which enter the SOS2 formula of ␤ zzz . The same states have been selected to contribute to the SOS3 expression, although the corresponding transition dipole moment elements are listed as auxiliary material. 17 Table IX lists the values of ␣ zz and ␤ zzz obtained for the different systems, both at the SOS2, SOS3, and finitefield levels. The results show the well known weakness of the SOS model: It is very sensitive to the proper choice of states included in the expansion. Unless there is a welldefined electronic transition which combines a large intensity with a strong charge transfer character, the obtained results, although showing often the right trends, are unlikely to produce quantitatively correct data. We have decided to focus in the ␣ zz and ␤ zzz components, only, because of the bulk of the intensity in the computed molecules is obtained by states of 1 A 1 symmetry, and therefore the application of SOS methods is justified. The finite-field results show a change in sign and a increase ␤ zzz on enlarging the molecular size for the oxosubstituted systems, while a large increase in negative values is observed for the sulfur-substituted compounds. The SOS values fall within the right order of magnitude. In all cases, however, the values of ␣ zz and ␤ zzz are about half of the value computed with the finite-field approach. 5 The trends are therefore correct, and, except for cyclopropenethione, the components have the right sign. The systematic underestimation of the tensor elements is basically related to the fact that the transitions have no strong charge transfer character. If one considers other components, such as ␤ xxz , involving transitions to states of 1 B 1 symmetry, the SOS results largely underestimate the finite-field values because of the very small transition dipole moment values. This clearly shows, that the model cannot provide accurate results unless a much larger number of states is considered. In some of the cases the use of the three-level model, has noticeable consequences in the final results, an indication of the important contributions of transition dipole moments between the different excited states. 17 The simplicity of the SOS model, however, allows to analyze the trends in terms of the excited states and transition properties and also allows to explain the irregularity we find for cyclopropenethione. Table VIII compiles the electronic properties of the most important states for the different systems which enter the SOS2 formula of ␤ zzz . For the three-membered ring compounds the summation reduces to a single term. Therefore, the sign of ␤ zzz is determined by the sign of ⌬ z . By inspection of Table VIII we find that the 1 A 1 excited state dipole moments of the cyclopropeneketones decreases with respect to the ground state values leading, in both cases, to a positive contribution to ␤ zzz . Therefore, the two-level model cannot account for the negative value of the component in C 3 H 2 S.
The increase of ␤ zzz components on increasing the molecular size can also be understood from the data shown in Table VIII . On going from the three-to the five-membered ring compounds, a large decrease of the excitation energies is observed, which combined with a reversal on the excited states dipole moment change leads to the increase of ␤ zzz . The change in the excited state dipole moment is particularly large ͑1.279 D͒ in cyclopentadienethione. In contrast, the change of intensity of the corresponding electronic transitions is small. Therefore we find a large decrease in the ␤ zzz component, whereas ␣ zz is hardly changed. As regards the C 5 H 4 O the situation is different. ␤ zzz includes two contributions with dipole moment changes of opposite sign. Hence, the overall effect is rather small. Enlarging the ring towards the cycloheptatriene-type structure causes ␤ zzz to dramatically increase. The excitation energies and transition intensities do not change drastically. The largest differences are found for the low-lying 1 A 1 excited state dipole moments, which reflect the electron donor-acceptor properties of the different ring systems. As discussed in previous section the five-membered ring accepts charges whereas the three-and seven-membered rings are charge donors. Especially in thiotropone the combination of low excitation energies, large transition intensities, and large dipole moment for the 2 1 A 1 * state leads to a very large value of the first hyperpolarizability component.
Finally, we may conclude that in order to maximize the NLO properties of a compound research has to focus on low lying intense electronic transitions. In addition, chemical modification should be made in such ways to maximize the difference in dipole moments of ground and excited states where as the overall volume of the compound should change as little as possible. For the present systems, the substitution of oxygen by sulfur leads to a decrease in the excitation energies. In addition, the transfer of charge from the ring to the heteroatom is easier because of the longer CvS bond and the lower electron affinity of the sulfur compared to oxygen. This leads to the desired large increase in the dipole moment differences for the low-lying 1 A 1 and also 1 B 2 states.
IV. SUMMARY AND CONCLUSIONS
The electronic absorption spectra of a series of exocyclic ketones and thioketones have been studied by means of the CASSCF/MS-CASPT2 approach. State energies and transition properties of a large number of valence and Rydberg, singlet, and triplet excited states have been included in the study. The discussion focused on the characteristics of the spectra and the relation among the different states upon substitution of the exocyclic double bond has been performed. Comprehensive and sometimes novel assignments of the observed bands have been proposed for most of the compounds.
Particular attention has been given to the calculation of transition matrix elements between the different electronic states. This information has been used to analyze the contributions to the NLO properties because of the potential use of these molecules in the synthesis of novel materials. The NLO properties were compared to results obtained earlier using the finite field approach. A perturbative approach, the SOS approach, has been used to estimate NLO properties from spectroscopic data. If restricted to a small number of states, the method has been found to give qualitatively correct results which reproduce the trends but underestimate the absolute values. The key of the study is, however, that the SOS method allows a detailed analysis of the main effects related to the excited states structure contributing to the NLO molecular properties.
